The temporal and spatial distribution of lightning strikes varies across California and has a differential effect on lightning fire ignitions. We analyzed 16 years of lightning strike data obtained from the National Lightning Detection Network to determine how the distribution of lightning strikes was affected by geography, topography, and large-scale weather patterns. Although there were significant differences in the number and density of strikes among bioregions, the annual, monthly, and hourly patterns were similar. The number of strikes increased with elevation. Strike polarity varied by month, and mean peak positive current, mean peak negative current, and number of return strokes per strike varied by bioregion. Weather patterns associated with lightning included strengthened high pressure cells stationed over the western United States that deploy moist monsoonlike air masses and promote rising motions, especially over mountain features. Understanding the variation in lightning strike distributions provides insight into the role of fire in different bioregions of the state and aids in the prediction of wildland fire occurrence.
inTroduCTion
The role fire plays in an ecosystem is dependent on the simultaneous occurrence of an ignition source, sufficient fuel to carry the fire, and weather conditions conducive for burning. Lightning strikes are an important source of ignition for wildland fires in California and throughout the western US. Although lightning strikes are pervasive, their temporal and spatial distributions vary across the state and have differential effects on lightning fire ignitions.
In addition, lightning strike characteristics such as polarity, maximum peak current, and number of return strokes vary over time and space. These variations are influenced by geography, topography, and large-scale weather patterns. Information about the temporal and spatial distributions of lightning and the factors that affect those distributions is critical for predicting the occurrence of wildland fires and for understanding fire regimes.
Fire ecologists use fire regimes to describe the complex pattern of fire effects over long time periods, multiple fire events, and numerous ecosystem properties (Sugihara et al. 2006) . A fire regime is defined according to attributes such as seasonality, fire return interval, size, spatial complexity, intensity, severity, and fire type. The timing and location of lightning has a direct effect on seasonality and an indirect effect on fire return interval, as less frequent lightning ignitions result in longer intervals between fires. Long return intervals lead to fuel accumulations that burn with greater intensity and produce more severe effects. Weather conditions compound the interaction between lightning ignitions and fuels, not only by producing different patterns of lightning occurrence but also by affecting fire behavior should an ignition occur.
California is a very diverse state geographically, topographically, and climatically. As a result, there are equally diverse vegetation types, weather patterns, and fire regimes. These variations are captured by bioregions, which are derived from the ecological sections and subsections described by Miles and Goudey (1997) (Figure 1) . Part of the variation in fire regimes among bioregions might be attributed to differing patterns of lightning strikes.
Fires ignited by lightning have been a part of California's bioregions for millennia. For example, early evidence of the presence of fire in the Sierra Nevada can be seen in lake sediments over 16 000 years old in Yosemite National Park (Smith and Anderson 1992) . Ignitions by Native Americans were also a source of fires, possibly as early as 9000 years ago (Hull and Moratto 1999) . Although it is currently not possible to distinguish charcoal deposits or fire scars caused by lightning fires from those ignited by Native Americans, it is reasonable to assume that ignitions by Native Americans were significant but varied over the spectrum of inhabited landscapes (Vale 2002) .
The 1910 fires that swept the western United States spurred an interest in lightning as a cause of forest fires. Plummer (1912) was one of the first to study the effects of lightning strikes on trees in the US. He concluded that trees do not differ in their susceptibility to lightning but do in their flammability, with only two percent of trees that were struck being ignited. In a study of thunderstorms and lightning fires in California, Palmer (1917) found that the number of lightning fires varied across the state, with the mountainous regions receiving more than the coastal regions. He attributed the difference to the prevalence of summer convection thunderstorms in the mountains as opposed to winter cyclonic Figure 1 . California bioregions based on Miles and Goudey (1997) . storms along the coast. Show and Kotok (1923) delineated lightning fire zones in California but only included areas where lightning had started fires that required action by Forest Service crews. The relationship between thunderstorm days and lightning fires was investigated by the Forest Service in the northwest and the Rocky Mountains (Morris 1934 , Barrows 1954 . Thunderstorm days include all days during which thunder from all strikes, not just cloud-to-ground strikes, occurs. Court (1960) conducted similar studies in California and found that weather station reports of thunderstorm activity were not a reliable index of the number of fires caused by lightning, with more fires relative to storms during the summer months.
Lightning strikes have several characteristics that affect their potential to start fires. Virtually all lightning comes from thunderstorms, which have a negative charge at the lower part of the cloud and a positive charge in the upper part (Fuquay 1980) . Discharges occur within the cloud, between clouds, in the air, and between the cloud and the ground. Both negative and positive charges reach the ground and can start fires. Lightning strikes have discrete discharges called return strokes that consist of current surges that last only a few microseconds. Negative strikes can have one to several return strokes, while positive strikes usually have only one. Arnold (1964) reported that some surges had long continuing currents that lasted up to 1800 µs. Uman (1987) summarized our knowledge of lightning characteristics by stating that 90 % of all lightning strikes are negative and 10 % positive; that the average number of strokes is 3 to 4 per negative strike and 1 per positive strike; and that 20 % to 40 % of the negative strikes have long continuing currents as opposed to 50 % to 100 % for positive strikes.
In order to determine why all lightning strikes do not result in fire, Fuquay et al. (1967) and Fuquay et al. (1972) investigated the characteristics of 16 documented lightning discharges. Eleven of the discharges started fires, and each had a long continuing current phase of at least 400 µs. Although they were not able to determine the polarity of the 11 discharges, subsequent research indicated that positive strikes in summer thunderstorms were likely fire starters (Fuquay 1982) . The mechanism for ignition of fuels by lightning was explored by Taylor (1974) . He hypothesized that the relatively long electrical charge ignited a mixture of volatile extractives and fine debris into a fire ball or column, which then ignites the fine fuels. Fuquay (1980) concluded that the probability of igniting fuels was a function of current duration and independent of the current magnitude of the current flow. Latham and Schlieter (1989) simulated lightning discharges using an electrical arc source and determined that a long continuing current was the most important variable associated with igniting fuel samples.
Beginning in 1976, the Bureau of Land Management (BLM) operated a network of magnetic direction finding stations in the western US including Alaska (Krider et al. 1980 , Graham et al. 1997 . Fire managers received lightning data in near real time on the date, time, and location of all strikes detected by the stations. Nimchuk (1989) tested the accuracy of the system by comparing 350 observations of lightning that actually struck lookouts with the reported locations of those strikes. He determined that there was a detection efficiency of 79 % and a mean location error of 9.8 km and found that location error decreased as station density increased.
The National Lightning Detection Network (NLDN) began in 1987 when several regional networks were combined into a national system operated by a commercial vendor (Orville 2008) . In 1997, the BLM system was integrated into an upgraded NLDN that combined magnetic direction-finding sensors with time-of-arrival technology throughout the US (Graham et al. 1997) . In addition to date, time, and location, the combined system provided polarity, mean peak current in kiloamps (kA), and number of return strokes. Data from the national network were summarized for the United States by Orville (1991) , Orville and Silver (1997) , Orville and Huffines (1999) , Orville et al. (2002) , Zajac and Rutledge (2001) , and Orville (2008) . The availability of lightning detection technology created interest in lightning research in many countries around the world including Germany (Finke 1999) , Finland (Larjavaara et al. 2005) , Canada (Wierzchowski et al. 2002) , Austria (Schulz et al. 2005) , and Brazil (Saba et al. 2006) .
In California, the original direction-finding system was used by van Wagtendonk (1991 van Wagtendonk ( , 1993 to analyze spatial and temporal patterns of lightning strikes and fires in Yosemite National Park. The density of strikes was positively correlated to elevation, with the greatest percent of lightning strikes occurring between 2700 m and 3000 m elevation. However, the largest proportion of fires was ignited between 2100 m and 2400 m. He attributed this fact to a lack of fuels and poor burning conditions at the higher elevations. Wells and McKinsey (1995) found a similar correlation with elevation in San Diego County, California.
Many researchers took advantage of the new lightning detection technology to relate lightning occurrence to topography and weather patterns. In northeastern Colorado and central Florida, Lopez and Holle (1986) found that underlying topography and the associated diurnal circulations affected the time and place of lightning ground strikes. Reap (1986) analyzed over two million lightning strike locations in the western United States and determined that the hour of maximum lightning frequency was directly related to elevation and that maps of daily lightning activity were in agreement with thunderstorm climatologies. In Florida, Reap (1994) associated the temporal and spatial distribution of lightning activity with specific synoptic regimes of lowlevel wind flow using 18 h and 30 h sea level pressure forecasts. Lyons et al. (1998) used data from the NLDN to investigate the spatial distribution of large peak current cloud-toground lightning strikes and found that large positive strikes were most common in the high plains and upper midwest, while large negative strikes were most prevalent along the Gulf Coast and the southeastern United States. They attributed the presence of large peak current positive strikes to transient luminous events in the stratosphere.
There have been only a few studies relating lightning strikes to fire starts (Fuquay et al. 1972 , Wierzchowski et al. 2002 , Larjavaara et al. 2005 . Rorig and Ferguson (1999) used thunderstorm occurrence, precipitation observations, and lightning strikes in the Pacific northwest to classify convective days as either dry or wet. Based on the classification and upper-air sounding data, they were able to determine that increased low-level moisture (e.g., dew point at 850 hPa) and higher instability (e.g., temperature difference between 850 hPa and 500 hPa) would indicate days that were more conducive for lightning-ignited fires. They used the same criteria during the 2000 fire season in the Pacific northwest and the northern Rockies and found that the number of lightning-caused fires corresponded more closely to high instability and high dew point than the total number of lightning strikes (Rorig and Ferguson 2002) .
The role of lightning-caused fires could change under different climate change scenarios. For example, Price and Rind (1991) analyzed a global climate model that was run under doubled pre-industrial CO 2 levels and found that, in association with increased global air temperatures of 4 ºC, global mean lightning activity increased by 26 %. Coupled with the increased temperatures, Price and Rind (1994) estimated that these lightning strikes would ignite 44 % more fires and burn 78 % more area than under current conditions. Recent observational evidence indicates that, since the mid-1980s, warmer spring and summer temperatures have caused earlier snowmelt and drier landscapes and thus have allowed wildfires to start earlier, last longer, and become larger in middle elevation forests of the western United States (Westerling et al. 2006 ). Understanding the current distribution of lightning in California should provide a basis for predicting future wildland fire occurrence and behavior.
In this study, we examined data for cloudto-ground lightning strikes occurring in California during the years from 1985 through 2000. Our objective was to determine the effect of geography, topography, and largescale weather patterns on the temporal and spatial distribution of lightning strikes and lightning strike characteristics.
meThodS

Study Area
The bioregions of California have diverse topography, vegetation types, weather patterns, and fire regimes (Figure 1 ). The North Coast bioregion has numerous valleys and steep coastal and interior mountains, which contain large circulation and moisture gradients in response to numerous winter and infrequent summer storms. Although fire is infrequent in the North Coast bioregion, particularly in the moist coastal conifer forests, nearly annual burning by Native Americans occurred historically in grasslands and oak woodlands (Stuart and Stephens 2006) . The Klamath Mountains bioregion comprises a complex group of mountain ranges and a diverse flora. Fires in the Klamath Mountains were frequent and of low to moderate intensity . Tall volcanoes and extensive lava flows characterize the Southern Cascades and Northeastern Plateau bioregions. The fire regimes of the Southern Cascades consist of frequent low to moderate intensity surface fires . Within the Northeastern Plateaus bioregion, fire regimes vary with vegetation; frequent low intensity fires in pine stands and less frequent moderate intensity fires in sage shrub steppe (Riegel et al. 2006) . Immediately south of the Cascades is the Sierra Nevada bioregion, which rises to over 4400 m and extends nearly half the length of the state. This gradient of elevation and latitude is manifested in a variety of vegetation types and fire regimes from recurrent fires in foothill woodlands and montane forests to return intervals of over 1000 yr in subalpine forests .
The Sacramento and San Joaquin rivers flow through broad interior valleys with extensive, nearly flat alluvial floors that constitute the Central Valley bioregion. The flat terrain, abundant dry grasses, and high densities of Native Americans indicate that fires could have burned every one to three years historically (Wills 2006) . Coastal valleys and mountains and interior mountains are also typical of the Central Coast bioregion. Burning by Native Americans along the central coast shortened fire return intervals in grasslands and adjacent forests (Davis and Borchert 2006) . Southern California, with its coastal valleys and the prominent Transverse and Peninsular ranges, are included in the South Coast bioregion. Before human occupancy, shrublands in the bioregion burned when occasional late summer lightning fires persisted into the fall and were spread by foehn winds, while montane forests burned more frequently (Keeley 2006) . The vast southeast corner of California constitutes the Southeastern Desert bioregion. Fires were infrequent in the deserts because fuels were discontinuous and sparse (Brooks and Minnich 2006) .
Lightning Data
We obtained the lightning data for the years 1985 through 2000 from the National Lightning Detection Network and reformatted them for use in a geographic information system (GIS). The 1985-1996 data were from the original BLM system and included date, time, and location. The 1997-2000 data came from the new sensors of the NLDN and, in addition, included polarity, mean peak current, and number of return strokes. The locations of the NLDN sensors that detect lightning strikes in California are shown in Figure 2 . The new system achieved detection efficiencies of 80 % to 90 % and location accuracies of 0.5 km over most of the United States. In addition, the new sensors achieved maximum network-relative detection efficiency, defined as the ratio of the number of strokes detected by a sensor to the total number of strokes detected by the network, when sensors were located from 275 km to 325 km apart (Cummins et al. 1998) . The network-relative detection efficiency for locations in California is shown in Figure  2 . We used the bioregion map to remove the strikes that did not occur within California before summarizing the total number of strikes by bioregion, year, month, and hour. For the spatial analyses, we summarized the total number of strikes that occurred within 600 m elevation bands and subsections as defined by Miles and Goudey (1997) . We calculated density using a cell size of 5 km and a search radius of 33 km, and we expressed the densities in terms of number of strikes per year per 100 square kilometers. We summarized lightning characteristics by month and bioregion.
Weather Data
To explore how the variation in lightning strikes was influenced by large scale weather patterns, we examined atmospheric circulation over the North Pacific and western North America during months having relatively high or relatively low numbers of strikes. We narrowed our analysis to the four subsections that represented a selection of the diverse regional landscapes and geographic range of California: the high elevation East Franciscan mountain portion of the North Coast, Markleeville in the eastern Sierra Nevada, Ivanpah Valley in the Southeastern Deserts, and the San Jacinto Mountains in the South Coast bioregions (Miles and Goudey 1997) . We averaged the 700 hPa height anomaly patterns from each of the 16 summer (June, July, August and September) months within the 1985 through 2000 period having the highest number of strikes and, analogously, from the 16 summer months within this period having the lowest number of strikes in those subsections. The number of strikes during the later period of new lightning sensors (after 1996) was adjusted by a scale factor to normalize the increase in the number of strikes during this period compared to the number in the early (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) period of the original lightning detectors. The scale factor was set to the number, per year, of strikes in the early period divided by the number of strikes in the later, post-1996 period. The specific anomalies we examined during high lightning episodes were geopotential height, vertical velocity, and precipitable water. Geopotential height is the distance in meters from sea-level to a given pressure surface in the atmosphere. The 700 hPa height anomaly was used here as an indicator of where high and low pressure systems are occurring and also describes the atmospheric flow pattern in the lower troposphere at an altitude of approximately 3000 m. Because vertical velocity is difficult to measure directly, it is diagnosed from the spatial structure of the geopotential height patterns, via the omega equation (Holton 1972) . Precipitable water is the total atmospheric water vapor contained in a vertical column of unit cross-sectional area extending from the surface to the top of the atmosphere, expressed as the height to which that water vapor would stand if completely condensed and collected over same unit cross section (Huschke 1989) . Because most of the atmospheric water vapor occurs within the first 3 km or so of the surface, a positive anomaly of precipitable water generally is indicative of enhanced moisture in the lower atmosphere.
reSulTS
Over one million lightning strikes were detected during the 16 years of the study; 656 384 from 1985 through 1996 and 349 847 from 1997 through 2000. We will first present the temporal and spatial distribution of those strikes and their characteristics, and then the corresponding weather patterns.
Temporal Distribution
The annual number of lightning strikes in California for the 16 yr period ranged from 31 650 in 1985 to 115 573 in 1998 (Table  1) . However, detection efficiencies before 1997 were less because the sensors had only van Wagtendonk and Cayan: Temporal and Spatial Distribution of Lightning Page 41 Fire Ecology Vol. 4, No. 1, 2008 direction finding capability. The annual pattern among bioregions was relatively consistent, although the Klamath Mountains showed a decrease between 1985 and 1987 while other bioregions showed increases ( Figure 3 ). The Central Valley had less annual variation than the other bioregions. Statewide, most lightning occurred during August with the least lightning occurring during December (Table 2 ). There was variation among the bioregions, with the monthly peak occurring in July in the Klamath Mountains, Cascade Range, and Northeastern Plateaus. September was the peak month in the Central Valley and Central Coast bioregions. All bioregions followed the same general monthly pattern with the exception of the Central Coast and Central Valley. They had a decrease in the number of lightning strikes during July and August (Figure 4) .
The peak hour for lightning strikes statewide was between 1600 PST and 1700 PST, while the lowest was between midnight and 0100 PST ( Table 3 ). The earliest peak was in the South Coast bioregion at 1400 PST and the latest was in the Cascade Range bioregion at 1800 PST. All bioregions followed the same pattern with low lightning occurrence during the morning hours, afternoon peaks, and evening subsidence ( Figure 5 ). The monthly pattern is consistent with more strikes occurring during the summer months than during the winter months. van Wagtendonk and Cayan: Temporal and Spatial Distribution of Lightning Page 43 Fire Ecology Vol. 4, No. 1, 2008 lightning strikes, it is also the largest bioregion, resulting in a density of 27.34 strikes yr -1 100 -1 km -2 . The Central Coast and the North Coast had the lowest densities with 2.96 and 2.97 strikes yr -1 100 -1 km -2 , respectively. The spatial distribution of lightning strike density across the state is shown in Figure 6 . Within the Southeastern Deserts bioregion, the highest densities occurred near its boundaries with Nevada and Arizona, reaching to nearly 40 strikes yr -1 100 -1 km -2 . The Sierra Nevada and Northeastern Plateaus bioregions have areas with similarly high densities. Coastal bioregions and the Central Valley generally had densities below 5 strikes yr -1 100 -1 km -2 . The density of lightning strikes increased with elevation up to a point before decreasing slightly in all bioregions (Table 4 ). The elevation zone in which the maximum strike density occurred varied by bioregion. For most bioregions, there was a significant dropoff in strike density above 1800 m. In the Northeastern Plateaus bioregion, the dropoff occurred above 2400 m and in the Sierra Nevada bioregion above 3000 m.
The two most heavily struck subsections in each bioregion are listed in Table 5 . Within Within the Central Valley, the northern end of the valley and the terraces to the west and east had two to three times as many strikes per area than the rest of the bioregion. The interior mountains and valleys were struck most often in the Central Coast bioregion, which had the least lightning in the state. The Transverse Ranges had the highest lightning density in the South Coast bioregion; up to five times as much as the coastal subsections.
The Southeastern Deserts bioregion received more lightning than any other part of the state, and two valleys in the Mojave Desert had the highest densities in the bioregion.
Strike Characteristics
Lightning strike characteristics for the years from 1997 through 2000 varied by month and by bioregion. Negative strikes comprised 93.4 % of the total and were most prevalent during August. The number of positive strikes reached their peak during September, but the greatest proportion of positive to negative strikes occurred in November. The mean peak current for positive strikes was greater during the winter months, while the mean peak current for negative strikes remained relatively constant throughout the year. The average number of return strokes for positive strikes during the 4 yr period was 1.08, and there was little variation among months. Over 93 % of the positive strikes had only one return stroke, and the maximum number was 10 (Table 6) . Negative strikes averaged 1.63 strokes per strike and varied from 1.26 strokes in January to 1.94 strokes in July. Single return strokes comprised 57.2 % of the negative strikes, and the maximum number of negative return strokes was 15. The Sierra Nevada had the greatest proportion of positive strikes averaging 2.37 strikes yr -1 100 -1 km -2 (Table 7) . Negative strikes were most prevalent in the Southeastern Deserts with 42.57 strikes yr -1 100 -1 km -2 , more than twice the density of any other bioregion. The spatial distribution of mean peak currents varied across the state. Mean peak positive currents were highest in the coastal and valley bioregions and were lowest in the mountain and desert bioregions. The North Coast had the highest and the Southeastern Deserts had the lowest mean maximum peak positive currents. This pattern repeats for mean maximum peak negative currents, but with a greater preponderance of low currents. The North Coast and the Southeastern Deserts had the highest and the lowest peak negative currents. There was no apparent pattern to the spatial distribution of the number of return strokes for negative strikes, although the mountain and desert bioregions had conspicuously more return strokes than the coastal and valley bioregions. The mean number of positive return strokes ranged from 1.05 for the North Coast bioregion to 1.93 for the Sierra Nevada.
Weather Patterns
Within the four subsections we examined for weather patterns, lightning strike occurrence varied significantly from year to year. The summer total number of lightning strikes has ranged by more than a factor of ten across the 16 yr of the analysis. The range was even greater during monthly intervals within the summer, with some months having essentially zero strikes and some having several hundred.
Year to year variability was very similar across the four subsections, especially between the subsections in the Sierra Nevada and the Mojave Desert. The same patterns of high and low occurrence exist to some extent among all four subsections. The 700 hPa geopotential height pattern corresponding to high summer lightning strike months, shown in Figure 7a , illustrates the strong influence of west-to-east flow into California from the North Pacific. In addition, there is a tendency for air to flow from the southeast, south, and southwest around the periphery of the high pressure system stationed over the southern tier of the United States. The patterns from the south and southeast are monsoon or monsoon-like flow patterns. The associated mean precipitable water pattern for these months, shown in Figure 7b , illustrates the low moisture levels within the region and the adjacent eastern North Pacific. Substantial moisture levels, and likely sources of moisture that support lightning strikes, are found to the south and to the east of California.
The 700 hPa height and precipitable water patterns shown in Figure 7 are the mean of monthly patterns. Because lightning occurs infrequently, these do not differ too much from the overall average geopotential and precipitable water fields. However, there are important differences that are brought out in the composite anomaly maps. The anomaly composite patterns for 700 hPa geopotential height are shown in Figure 8 , wherein locations having anomalies that depart significantly from the null hypothesis of a two-tailed ttest at the 0.05 % level are indicated by the stippled area. In general, these patterns reveal that anomalously high or low lightning activity within each of the four subsections is set up by super-regional circulation patterns that extend well beyond California. In comparing the anomalous flow for each of the subsections, some striking differences and some strong similarities emerge. The 700 hPa geopotential height anomalies associated with summer months having high numbers of lightning strikes in the North Coast bioregion features a broad negative anomaly center to the south and positive anomalies to the north of the region, which would produce anomalous flow from the south and east. As shown by the precipitable water anomalies, this circulation pattern produces higher than normal moisture over the north coast mountain region. Months with high numbers of lightning occurrences in Sierra Nevada are accentuated when anomalously high geopotential heights were positioned over the Pacific northwest; those with high numbers of lightning strikes in the Mojave region are associated with a broad center of anomalously high geopotential heights over the northwest and the intermountain west, and those with high numbers of lightning strikes in the southern California San Jacinto Mountain region are associated with positive 700 hPa height anomalies extending from the Pacific northwest down to the central California and Nevada. These anomalous high pressure (positive anomalies) patterns are symptomatic of warm temperatures and a circulation that carries moist air from the south or southeast into the Southeastern Deserts or Sierra Nevada bioregions. Each of these patterns minimizes the onshore movement of dry north Pacific air masses into California. Because these maps are a composite of monthly average conditions, it would be expected that the patterns described would be accentuated during the shorter periods (a few days) when lightning events are taking place. Figure 9 is a set of composite maps of the anomalous atmospheric precipitable water during the 16 high lightning months that reveal heightened moisture content during the same high lightning periods. For the North Coast bioregion, a moderate, local center of above normal moisture is found over the region, but the configuration of the precipitable composite suggests that this enhanced moisture may be the northward portion of a plume that was carried up from the lower latitude North Pacific. A broad tongue of anomalously high humidity extends into the Sierra Nevada from sources to the east and south of the range. The Southeastern Deserts pattern is a similar but even stronger southwest monsoon pattern, and also contains an extensive region of positive moisture anomalies that extends into the region from the southwest. The composite pattern for the South Coast bioregion is very similar to that for the Southeastern Deserts but not as strong, suggesting that different circulation types may be mixed into the composite. There is also a strong tendency for increased upward motion (negative omega) in each of the regions during months with high levels of lightning strikes, as indicated by the composite vertical velocity mapped in Figure  10 . Each of the composites contains a broad pattern of negative omega anomalies (enhanced upward motion) that extends from an area offshore over the North Pacific at about 135° W, over the region of high lightning activity, and across into Nevada and Arizona. Areas of increased upward motion in an anomalously moist environment would be conducive for heightened lightning activity. In contrast to the geopotential height patterns associated with high lightning occurrences, a very different pattern is present during months having very low numbers of lightning strikes (Figure 11 ). Although the magnitude and spatial extent of the composite anomalies in these low lightning occurrence maps are not as strong as those for the high lightning cases, these patterns are fundamentally different, featuring negative to neutral height anomalies over the west coast and positive height anomalies to the west over the middle latitude North Pacific Ocean. Wind flow appears to provide more onshore ventilation from the North Pacific. An outstanding feature found in each of the low lightning composites is the reduction (negative anomalies) of precipitable water that appears (not shown) over each of the subregions during these months.
DISCUSSION
The number, density, and characteristics of lightning strikes in California varied in time and space. Annual variation in number of strikes from 1985 through 2000 was pronounced, with an over five-fold difference between the years with the highest and lowest number of strikes. Although there was considerable variation among bioregions in total numbers of lightning strikes, the annual trends were similar. In fact, bioregions were an excellent organizing scheme for distinguishing spatial patterns. Regional differences in location and elevation relative to storm patterns were manifested in the distribution of lightning.
There is a distinct warm season preponderance of lightning strikes, with summer months receiving the most lightning and winter months the least. Warmer surface air temperatures were cited by Williams (1994) as the cause of seasonal variation in lightning activity. In addition, monsoonal storms are more prevalent in summer. Monsoon flows from regions to the south and southeast reach their peak in August, and their effect on lightning is most pronounced during that month in the Southeastern Deserts and South Coast bioregions. These monsoon episodes are prevalent during periods with strengthened high pressure systems over southwestern United States, allowing tongues of moist air to flow into the California region. This period precedes the season of most extreme fire weather and Santa Ana winds (Wells and McKinsey 1995) . Santa Ana winds are most common from October through March and occur during extremely dry episodes under very stable atmospheric conditions, conditions that are not conducive for lightning (Westerling et al. 2004 ). In the remainder of the bioregions, peak lightning activity coincides with summer weather conditions conducive for fire ignition and spread. Hourly distributions of strikes for each bioregion were similar, with most strikes occurring in the mid to late afternoon and the least in the early morning. Late afternoon is also the time of the day when air temperature reaches its maximum and fires ignite and burn easily. This is particularly true in the Klamath Mountains, Southern Cascades, Northeastern Plateaus, and Sierra Nevada bioregions. Historically, sufficient fuel and burning conditions combined with lightning ignitions to produce frequent low to moderate intensity fires in those bioregions. The Southeastern Deserts, South Coast, and Central Valley bioregions were the exceptions with the lowest number of strikes coming between 0900 h and 1200 h. Those regions are most directly affected by summer monsoons, which reach their peak in the afternoon but do not taper off until mid-morning (King and Balling 1994) . Afternoons are also when surface air temperatures and orographic lifting reach their maximum.
Lightning strike density was the highest in the mountain and desert bioregions. Coastal and valley bioregions had the lowest strike densities. In the mountains, this high density of lightning coincides with forests that produce heavy fuel loads. This combination, along with hot and dry weather conditions, sets the stage for an active fire role. In contrast, fuel loads in the desert are low and abundant lightning does not have as great an effect on fire frequency. Lightning density peaked in each bioregion before reaching the maximum elevation for that bioregion. Elevation has been shown to have a direct effect on lightning density in Colorado where strikes were concentrated just east of the Continental Divide (Lopez and Holle 1986) . Reap (1986) used data from the BLM network for 11 western states and found a high correlation between elevation and the time of maximum lightning activity. For the 1983-1984 summer seasons, he found that strike density increased up to an elevation of 1700 m and then was fairly constant. In Alaska, Reap (1991) indicated that there was a sharp drop-off in lightning density above 1000 m. Orville (1994) found lower density values in the Appalachian Mountains than in areas to the east and west, perhaps due to their relatively low elevation and the high number of thunderstorm events in the east (Rakov and Uman 2003) . Similarly, DeCaria and Babji (2003) reported a drop in strike density with an increase in elevation in southeastern Pennsylvania.
The proportion of negative to positive strikes was largest in the summer and smallest in the winter. This is consistent with other studies in the contiguous US (Orville and Huffines 1999) . Brook et al. (1982) attributed the increase in positive strikes to wind shear during winter thunderstorms where positive leaders from the horizontally separated upper positive charge region are not intercepted by the lower negative charge. Because negative lightning strikes are 14 times as numerous as positive strikes and up to 40 % of them have long continuing currents, the distribution of negative strikes has a disproportional effect on fire ignitions. The proportion of positive strokes was less in the Southeastern Deserts bioregion, probably because most of the lightning there comes from summer thunderstorms. In the mountainous bioregions in northern California and in the Sierra Nevada, positive strikes during the summer have a high potential for starting fires. Although less frequent, positive strikes are more likely to have long continuing currents.
Mean peak current was greatest during the winter for positive strikes and varied slightly for negative strikes, a pattern found by Orville and Huffines (1999) for the contiguous US. Mean current of both positive and negative strikes was highest in the coastal bioregions. Orville and Huffines (1999) also noted geographic variation in amplitudes, with the highest peak positive values along the West Coast and in the upper Midwest, and the lowest peak negative values along the West Coast and in the area bordering Pennsylvania, Ohio, and West Virginia. They suggest that the transient luminous events observed by Lyons et al. (1998) might be related. In any case, the probability of igniting fuels was found to be independent of the current magnitude (Fuquay 1980) . The number of strokes per positive strike did not vary much over the months of the year. Negative strikes showed more variation with the highest number in July (1.94) and the lowest in January (1.31). Similar results were reported by Orville and Huffines (1999) , although they recorded mean values exceeding three strokes per strike for areas of Georgia. In California, there was an increase in negative return strokes from the coast to the mountains. Orville and Huffines (1999) found continental increases from the Southeast to the Northwest and from Maine to Florida. They speculated that the variation in the number of negative return strokes was related to cumulus cloud size. From a fire ignition standpoint, a higher number of return strokes for negative strikes is important because it has been shown that negative strikes with more than one return stroke are more likely to have long continuing currents (Rakov and Uman 1990) .
It is clear that the seasonal atmospheric environment, which is organized by extraregional scale features of the atmospheric circulation, determines the distribution of moisture, vertical motions, and probably other important elements that dictate whether lightning activity is promoted or muted in California. Higher occurrences of summer lightning are favored by pressure cells over the North Pacific and the western US that tap atmospheric moisture reservoirs to the south, southwest or southeast, and that promote rising air masses. Low summer lightning periods occur when the West Coast is dominated by a trough of low pressure, allowing more onshore ventilation of the region with drier North Pacific air masses.
Lightning has been a pervasive element of the California environment for millennia. Its temporal and spatial distribution over the state plays a central part in the ecological role of fire in the state. This role is most pronounced in areas such as the Klamath Mountains, Cascade Range, and Sierra Nevada bioregions, where lightning is plentiful and fuels are abundant. As a result, fires often occur whenever a lightning storm crosses the low to mid elevations of these mountains. In other areas such as the Southeastern Deserts bioregion, which receives the largest amount of lightning, fuels are sparse and, consequently, fires are infrequent. In contrast, the North Coast bioregion has abundant fuel as a result of exceptional growing conditions, but lightning is infrequent, as are lightning fires. The time when lightning occurs is also important, as illustrated by the South Coast bioregion where lightning is infrequent under conditions conducive for high winds. In each bioregion, fire regimes are influenced by co-occurrence of lightning, fuel, and weather conditions. Information about the distribution of lightning will provide insight into the role of fire in California's bioregions and will aid in predicting lightning fire occurrence. Knowing where and when lightning is most likely to occur will allow mangers to pre-position suppression forces, plan for fuel treatments, and prepare fire prevention and public safety materials.
Lightning will continue to be a major ignition source for wildland fires in California in the future. Global climate change will increase surface air temperatures. If this warming leads to more instability in the lower atmosphere, it could increase the amount of lightning (Price and Rind 1994b) . Because climate change will likely produce longer, warmer, and somewhat drier summers, even the same density of lightning could cause more fires and change fire regimes. Fire management programs must be designed to anticipate and accommodate these changes.
